ABSTRACT The global move toward wireless access point (AP) densification has alluded toward the possibility of harvesting the unused ambient RF energy, especially in the 2.4-GHz unlicensed band, in order to power useful electronic devices, which collectively make up the so-called low energy Internet of Things (LE-IoT). Despite the huge market demand for free ambient energy and the research community's efforts in prototyping efficient rectifiers, there is, however, little knowledge about the available power densities in dense indoor and outdoor AP deployments. Obtaining this information is, therefore, vital for engineering the power requirements of LE-IoT devices and managing expectations for their subsequent commercialization. In this paper, we present power density measurements in a controlled indoor ultradense deployment corresponding to approximately one AP per square meter. We detail our methodology and hardware and offer a variety of ambient RF measurement results suggesting that Wi-Fi AP densification cannot solely power personal devices such as wearables, but at best can trickle charge them in the hopes of extending battery life, the main hurdle being the small form factor of such mobile devices. In contrast, our measurements suggest that household devices, such as smoke detectors, can be powered by ambient RF harvesting. To this end, AP densification aids in increasing the total available power density, but also in distributing a smooth blanket of available RF energy thus minimizing harvesting-holes.
I. INTRODUCTION
The possibility of harvesting radio frequency (RF) energy from ambient sources (e.g. TV, cellular, GPS, and Wi-Fi bands) has been met by a great market demand for new products and services, both consumer and industrial, and is predicted to fuel the emergent low energy internet of things (LE-IoT) [1] , [2] . The vision is one of an interconnected world of trillions of battery-free low-power wireless devices, designed to operate on demand or when sufficient charge is accumulated [3] . Such devices promise to find application predominantly in wireless sensor network (WSN) [4] and body area network (BAN) [5] deployments in difficult to reach (e.g. under a bridge or inside the human body) or hazardous (e.g. nuclear reactors) areas, since they require no battery replacement and can be easily weatherproofed due to the lack of a battery access panel. Other application areas of ambient RF harvesting include medical devices and radio-frequency identification (RFID) smart tags, as well as extending the battery-life of wearables, smartphones, and other wireless ''smart'' devices and is thus an integral part of the smart-building and smart-city paradigm adopted by many governments across the world as a move towards greener technologies [6] , [7] .
Significantly, most scientific literature on RF energy harvesting (EH) has to date concentrated on measuring the available ambient RF energy (spectral surveys) [8] - [15] , and designing efficient methods of harvesting and storing it (rectifiers and power management modules) [16] - [19] . To this end, energy densities ranging from nano to microwatts per square centimeter have been reported depending on, inter alia, the density of and distance to RF sources (e.g. cell towers) and of course the frequency band. Notably, at these input powers, the rectification of ambient RF signals to useful DC power occurs at relatively low efficiencies of up to 60% depending on the rectenna type and size which is often restricted by the application form factor, the impedance matching circuit configuration, and the minimum start-up power of the demodulating diode [20] . It is therefore no surprise that there has yet to be any successful commercialization of products with RF ambient energy harvesting as a primary energy source, but only harvester circuits able to supply energy to low-power devices operating at low duty cycles [21] , [22] . Even the excess power harvested from active RFID reader/writers which are able to transmit up to 4 Watts of equivalent isotropically radiated power (EIRP) at ultra high frequency (UHF) bands can at best only be used to power semi-passive RFID tags to improve read range and localization functions [23] , [24] .
At the same time, this new era of connectivity has been marked by the explosive number of wireless mobile electronic devices, the densification of cells (Femto/Pico cells) [25] as well as the proliferation of Wi-Fi access points (APs) in urban and rural areas [26] . It is therefore the purpose of this paper to investigate and report on the manifested RF power density due to this densification trend, experimentally and in a controlled environment, in order to estimate how many access points (e.g. Wi-Fi routers) would be needed in a room to power other electronic devices (e.g. a light bulb) using only ambient RF energy harvesting.
Towards this end, we emulate a dense Wi-Fi deployment by running a large number of universal software radio peripheral (USRP) transmitters operating at the 2.4GHz Wi-Fi band, in a room at our office premises in Bristol, United Kingdom. One spectrum analyzer with our discone antenna, developed in-house [10] , [13] , was used to capture the received power from each USRP at a number of different measurement points within the room. Moreover, small-scale fading effects, antenna orientation and polarization as well as room layout effects were investigated through additional measurements.
With approximately one USRP per square meter, 1 this paper reports on the most dense deployment of APs for RF energy harvesting purposes to date. It will be understood that the main advantage of such a dense set-up is the spatial diversity exhibited by the uniform distribution of AP signals resulting in a nearly uniform power density spatial distribution. This is a significant advantage in terms of eliminating EH dead-zones as it enables continuous EH of, for example, mobile devices indoors or other low energy battery-operated household or office devices such as thermometers, wallclocks, smoke and carbon monoxide detectors. Specifically, the total power density at any single measurement location within the room at maximum USRP density was between 7.15 and 13.36 µW/cm 2 assuming a transmit power of 100mW per USRP. Whilst these results are at least a factor of 10 larger than any other reported ambient RF measurements to date at 2.4 GHz (see Sec. II), it is concluded that AP densification cannot act as the catalyst in transforming ambient RF into the primary power source of most LE-IoT devices (as often popularized in the media by marketing departments), the limiting factor typically being their large power-requirement-to-physical-size-ratio. We stress that this conclusion only refers to passive ambient RF harvesting 1 Whilst the density of USRPs of one per square meter may seem high, this sort of scenario has been envisaged for future mmWave 802.11ad/ay deployments. The deployment of such APs on the end of each aisle in a supermarket could be used by next generation positioning techniques such as 802.11az to exploit nano-positioning for indoor localization [32] .
and has no impact with regards to active or dedicated wireless power transfer methods [22] , [33] , [34] . Nevertheless, it is clear that AP densification can significantly increase the available RF power density and may thus in the near future be used as a secondary energy source to e.g. tricklecharge mobile devices [35] , extend battery life, or improve duty-cycling of wireless sensor nodes.
II. REVIEW OF RELATED WORKS
Due to the significant variation of RF power densities between geographic locations, a significant part of the literature has focused on assessing the amount of RF power available for harvesting in various settings (see Table I ). For instance, the most complete survey to date was conducted during 2012 at all 270 London Underground stations [9] . The average power densities recorded in most bands were below 1nW/cm 2 with the exception of an 84nW/cm 2 peak at the GSM1800 band. In a different outdoor survey conducted in an urban location, a maximum recorded power density of 6.3nW/cm 2 was reported [11] , [12] . Interestingly, most of the results only report on the maximum recorded value over a measurement time window and different antenna orientations, and disregard other useful statistics such as the mean and minimum recorded values.
Indoor surveys looking into typical office environments were reported in [13] , [14] , and [16] . The first focused in domestic environments -in urban and rural locations -over a period of several days, recording power densities bellow 1nW/cm 2 . The second looked at office environments and reported similar power densities. The last one focused on RF harvesting in a dense, Wi-Fi rich environment where significant energy was available. Finally, some recent work reports measurements in dynamic scenarios such as walking, driving or riding a train, with average power densities of 0.1nW/cm 2 but with occasional peaks up to 1.4µW/cm 2 [10] .
Except for the need for available RF energy to harvest, a key part of any device powered by RF energy is the rectifier, which converts the incident RF power to useful DC energy. Significant steps have been made over the years regarding rectifiers in terms of efficiency, sensitivity and bandwidth. A comprehensive survey summarizing much of the results on RF-to-DC rectifiers available in the literature since 1976 was presented in [20] . It becomes apparent from the state-of-the-art that, with respect to the input power to the rectifier, 3 regions of performance can be identified at: low (1µW< P in <100µW), medium (100µW< P in <10mW) and high power (>10mW) with RF-DC efficiencies up to 40%, 60% and 80%, respectively. More specifically, a record 84.4% efficiency was reported in 2002 for a dualfrequency rectenna operating at 2.45GHz with 100mW of input power [36] . On the other hand, more relevant to ambient RF energy harvesting is the rectenna presented in [37] , operating at 2.45GHz with an efficiency of 1% and 8% under power densities of 10nW/cm 2 and 100nW/cm 2 , respectively.
Aside from the apparent lack of commercial products which operate solely on RF harvesting, a very large number of prototypes have been presented in the literature delivering energy to a variety of devices. We briefly describe some of them. An RF scavenging, battery-free circuit integrated in a safety helmet, called ''SmartHat''was proposed as a proactive safety alert mechanism in harsh construction environments [38] . Researchers at Intel presented a VHF/UHF harvesting device that supplied a temperature and humidity meter, at a distance of 4.1km from a TV transmitter [27] . A similar meter was also successfully powered by rectified Wi-Fi energy, with variable initialization and operation times depending on the Wi-Fi traffic [16] . Finally, a few RF energy harvesting wireless sensor nodes have been successfully demonstrated in a variety of settings. In [28] , one node operated in a low duty-cycle using energy harvested from the Tokyo tower TV transmitter at a distance of 500m. In a different case the node was powered using energy from a broadcast transmitter 22.5km away, at a lower frequency of 900kHz [30] . Similarly, an ambient RF energy harvesting sensor node requiring a minimum input power of −18dBm (15.8 µW) was operated at 10.4km from a 1MW UHF TV station, and over 200m from a cellular BS [29] . Combinations utilising multiple antennas at multiple locations and at multiple bands connected initially in series (to increase voltage and cold-start the harvester) and then in parallel to maintain efficiency have been addressed by multiple authors [9] , [39] . Recently, the first battery-free camera sensors and wearable temperature sensors that are solely powered using off-the-shelf Wi-Fi chipsets at 2.4 GHz were demonstrated in [31] and [40] , respectively. Notably, these prototypes required an 802.11 protocol hack termed PoWi-Fi (the first power over Wi-Fi system) which uses artificially generated pseudotraffic or noise to increase Wi-Fi channel occupancy and fill-in gaps between the otherwise bursty Wi-Fi router transmissions [41] .
It is apparent by the discussion above that with the current state-of-the-art rectification technology and available ambient RF power densities, powering up useful low-power electronic devices is indeed very challenging. Despite this, market demand for ''free'' RF energy is [34] , [42] , and has been very high [43] , [44] . In fact, the solutions put forward will typically either rely on dedicated high-gain high-power transmitters (which may violate FCC regulations [31] or bloat electricity bills), or bet in favour of the likely densification of Wi-Fi [26] and 5G cellular networks [25] . Surprisingly, and perhaps slightly disappointing however, is the lack of reliable indoor Wi-Fi power density measurements in the scientific literature. Yet, a quick literature search on Wi-Fi EH will return numerous results which claim breakthroughs in powering small sensors, integrated circuitry, and transceivers without fully and transparently describing the experimental apparatus used. This can cause confusion when reproducing or comparing published results. Therefore, in this work we report on a large number (322) of power density measurements (see Tab. 6) in controlled indoor environment, at various distances from the EM source and at different antenna orientations at the 2.4GHz band. Moreover, by accumulating and processing all these measurements we investigate the possibility of obtaining the necessary RF power densities through the ultra-densification of communication cells.
III. CONTRIBUTIONS
Motivated by the current Wi-Fi and 5G cellular densification trends, in this paper we assess the RF power density available indoors in ultra-dense AP deployments in the 2.4GHz band.
To this end, the main contributions and conclusions of this paper are as follows:
• Assuming a transmit power of 100mW, 23 active USRPs resulted in a power density varying from 7.15 to 13.36µW/cm 2 with mean of 10.07µW/cm 2 (see Sec. V-D). Significantly, this is the most dense experimental deployment of APs for RF energy harvesting purposes.
• A total of 322 power density measurements are reported (see Tab. 6) in the 2.4GHz Wi-Fi band, giving full details of our methodology and equipment used (see Sec. IV).
• By measuring the signal strength of different USRPs, a linear extrapolation of the resulting power density S in µW/cm 2 was obtained with increasing number of USRPs in the room n (see (9)).
• A fairly uniform spatial distribution of power densities was observed within the measurement room. This can act as a significant advantage for continuously charging mobile devices.
• A geometrical argument is given in Sec. V-E using tools from stochastic geometry to explain why the center of the room typically has higher RF power densities in uniform AP deployments than non-uniform.
• A 1cm fine resolution radio-map was constructed using a computer controlled positioner grid showing small-scale fading effects due to the constructive and destructive superposition of standing waves (see Sec. V-C).
• Antenna orientation and polarization effects can on average degrade the power density by about -5dB. In some specific instances this may fall to −18dB (see Sec. V-F).
• Using a fitted rectifier efficiency η eff (P R ), the estimated antenna effective area A eff , and equation (9) we produce tables containing example low energy devices and their respective USRP densification requirements (see Tab. 2 and 3).
IV. METHODOLOGY
To emulate a dense RF source environment an average size room was chosen with an area of 24.5m 2 , in which 23 USRPs were installed acting as the RF transmitters. The USRPs were spatially distributed evenly inside the room and were securely positioned with the antenna ports pointing upwards, as seen in Fig. 13 . Their covers were removed to avoid overheating, as affixing them in this orientation blocks the conventional air-flow through the back of the USRP. All USRPs were transmitting a single-tone continuous wave signal at a fixed and known power level, but at discrete frequencies within the channel 1, of the 2.4GHz Wi-Fi band. The used channel was first scanned to make sure that there were no other signals present. Also, the use of well defined single-tone signals ensured than only the USRP transmissions were captured. One fully characterized broadband, discone antenna connected to a spectrum analyzer was used as the receiver which allowed us to calculate the available power density from the measured power. Five measurements were taken with the receiver at each of the designated, spatially distributed locations inside the room. These five measurements correspond to variations of the antenna position by a quarter wavelength distance from a center point, in order to overcome smallscale fading effects. With 11 measurement locations in the room and 5 antenna positions at each location, a complete Additional scenarios were also considered, but measurements were only collected at a single location (center of the room). Firstly, using a computer controlled position grid system, a fine-resolution radio map over a small area was created to capture small-scale fading effects. The grid step used was 1/12 th of a wavelength allowing us to view the smooth variations in power density over a small area. Secondly, in order to investigate polarization effects, measurements were also collected with the USRP antennas tilted by 45 and 90 degrees.
A. EXPERIMENTAL SET-UP
The floor-plan of the room where all the measurement were taken is shown in Fig.1 along with the arrangement of the 23 USRPs and the 11 measurement locations. All distances are in meters. The room has an estimated area of 24.5m 2 and ceiling height of 2.75m. Also included in the figure are details about the location of Ethernet and power wall sockets as well as the wall material (glass, wood, concrete, plasterboard). The 11 locations were selected inside the room where the receiver was placed to measure the received signal power from the 23 sources. These 11 locations were distributed within the room so as to present a complete picture of the variations in signal power at: corners, near walls or glass windows, at the room center, near the door, and areas in between. Significantly, as shown in Fig. 1 , the USRP locations are labeled from 1 to 23 so as to give the ability to fill the room uniformly with increasing density. If only a subset of the 23 USRPs was chosen from 1 to say 4, then a fairly uniform spatial distribution of USRPs would result, as these are the corner USRPs. This numbering system will become useful when investigating the relationship of the power density and the number of active USRPs (see Sec. V).
The USRPs were situated at the center of each numbered square. The coordinates of the 23 USRPs and the 11 measurement locations are given in the Appendix VIII. Finally, as already mentioned, at each of the 11 measurement locations, 5 measurement data points were taken. These were each spaced by approximately a quarter wavelength distance (about 3cm at 2.4GHz) in order to capture small-scale fading effects. These 5 points are shown below the key in Fig.1 .
The red lettering under the number of each USRP (N/S/W/E) indicates the direction the USRP antennas are tilted towards, and become relevant when we investigate polarization effects. These measurements were only recorded at the central location (position 7). The antenna orientations are intentionally randomized and as seen in Sec. V-F has a significant effect on the recorded power densities both due to the change in the apparent antenna gain as well as the polarization mismatch.
B. USRP SPECIFICATIONS
The USRP N210 devices were used as the RF sources in our deployment. They have a stated maximum output of 100mW at 2.4-2.5GHz but their gain was adjusted to get much lower transmission power. The USRPs were programmed using GNU Radio and the GNU Radio Companion (GRC) which is a graphical user interface. The 3dBi omnidirectional antennas provided with the USRPs were used in these experiments.
In order to quantify the variations between the USRPs in terms of output power and also their frequency stability, three randomly selected ''standard'' USRPs and one using an external GPS oscillator reference were characterized. The aim was to quantify the variations in output power and frequency drift over time while transmitting at the frequency band of interest. For that reason, the spectrum analyzer was used in order to capture the output of the USRPs at regular time intervals over a 20 minute period after they had warmed-up.
It became evident from the results that the ''standard'' USRP's output power varies over time. Moreover, a frequency drift in the order or a few kHz was observed. This was in agreement with the USRP specification of a frequency accuracy of 2.5ppm, which at a center frequency of 2.4 GHz is ±6kHz. The IEEE802.11 standard specifies a tolerance of 20ppm [Part 11: Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) Specifications, IEEE Std 802.11-2012] so practical systems may well experience even more drift. Output power varies between the different USRPs by 0.3dB, while variations over time within 0.5dB were observed.
On the other hand the USRP utilizing the external GPS oscillator reference suffered minor output power variations, less than 0.1dB, while no frequency drift was observed. Therefore, we concluded that the variations both in power and frequency were due to the low quality oscillators used. With the selected USRP gain setting the measured mean output power was 4.35dBm (i.e. 2.72mW) which without loss of generality is scaled to 20dBm (i.e. 100mW) throughout this work so as to reflect the maximum allowed equivalent isotropically radiated power (EIRP) output allowed by commercial Wi-Fi APs at the 2.4GHz industrial, scientific and medical (ISM) band.
Because we wanted to be able to measure the individual tone power of each USRP, no tone overlap in the frequency domain could be tolerated. For this reason a 12.3kHz spacing between the transmission frequency of each USRP was chosen. So in the highly unlikely case where two USRPs which are working in adjacent bands, with the one operating in the lower band has a +6kHz offset, and the other has a −6kHz offset, their generated signals would not overlap, and thus will still be separable for analysis. Having this in mind, the USRP transmission frequencies were configured accordingly. The first USRP transmits at a center frequency 2.4 GHz, and then each subsequent USRP transmits using a center frequency that is 12.3kHz higher, thus the center frequency of the N th indexed USRP is given by (1) . This is also depicted in Fig. 2 .
Note that since the USRPs are spatially distributed within the room, the received signals at each tone are uncorrelated.
C. RECEIVER
The Keysight (Agilent) E4440A spectrum analyzer was used as the receiver, in order to capture the power from each USRP at the measurement location. The analyzer was controlled through the General Purpose Interface Bus (GPIB IEEE-488) interface and Matlab. Various cable lengths were used for different measurement scenarios to connect the analyzer to the antenna. In some cases additional attenuation was added to protect the input port of the analyzer. All cable and attenuator combinations used were characterized using a VNA and their effect was calibrated out from the results. Five settings of the spectrum analyzer are relevant for this type of measurements: center frequency (f c ), integration bandwidth (INTBW), frequency span, resolution bandwidth (RBW) and video bandwidth (VBW). f c is set as the frequency of the corresponding USRP transmission frequency and the integration bandwidth as the tone spacing, 12.3kHz in this case.
The number of measurement points within our measurement frequency span is set to 501. The rest of the settings were chosen to satisfy the following relationships:
Some of the settings are graphically explained by Fig. 2 . During the course of the measurements the analyzer measures the received power from each USRP sequentially in frequency, by changing the center frequency of the measurement, starting from the first USRP at 2.4GHz. For each tone, i.e. at each frequency, 3 consecutive measurements are taken and the average received power is stored. As there is no movement in the room, these three measurements are practically identical and portray a static picture of the environment.
D. TRANSMIT AND RECEIVE ANTENNA
For the measurements, the VERT2450 antenna provided with the USRPs was used at the transmitter's side. It is a standard omni-directional, dual-band antenna covering 2.4 to 2.48GHz and 4.9 to 5.9GHz with a gain of 3dBi [45] .
On the other hand, an antenna developed in-house was used at the receive end. A discone antenna design was chosen because of its omnidirectional radiation pattern and its wellknown characteristics, as it has been previously fully characterized in an anechoic chamber. In Fig. 3(a) the antenna is shown in an anechoic chamber during radiation pattern measurement. The antenna has a frequency-stable omnidirectional radiation pattern typified by the 3D radiation patterns shown in Fig. 3(b) at 2.5GHz. The antenna factor (AF) has been calculated to convert the power (P R ) in dBm measured with the spectrum analyzer into an RF power density (S) in dBm/cm 2 at the antenna using (2) . L dB denotes the interconnection losses between the spectrum analyzer and the antenna in dB. The losses include cable losses and any attenuation used. At 2.5GHz the AF of the discone was calculated to be −15.3dB.
E. POSITIONER
To capture small-scale fading effects, a large number of closely spaced measurements are necessary and for that reason, a high accuracy computer controlled positioner grid was used. The positioner was remotely controlled from outside of the room, reducing any disturbances to the environment. This allowed for automatic and complete two-dimensional control of the receiving antenna position over a maximum grid size of 60 × 60 cm. We only report on a 6 × 6 cm grid (49 data points in total) corresponding to a square area of side-length equal to about half a wavelength at 2.4GHz. In this case the positioner was placed at the central measurement point 7, which required the removal of USRPs 6, 10, 15, and 21 in order for it to physically fit. A picture of the positioner set-up is shown in the Appendix VIII.
V. RESULTS
In this section we present the measured power densities across the 11 measurement locations and also report on some interesting outcomes.
A. PATH LOSS FIT
The received signal intensity obeys an inverse-square law with respect to the distance x from the transmitting source of electromagnetic (EM) radiation. In practice however the rate of decay, also termed the path loss exponent α may be higher than 2 and is likely to depend on the carrier frequency, the environment, obstructions, etc. In fact different standardization bodies will define different and often quite sophisticated path loss models. For the sake of simplicity however, we will use here a simplified (non-singular) attenuation function
with free parameters a, b, α > 0 which are easy to fit to our measurements to calculate the power density S in µW/cm 2 as a function of the distance x from the EM source in meters. 
from which we perform a best fit to find that a = 1.505 × 10 −5 , b = 2.385 and a path loss exponent α = 2.04. Observe that power densities fluctuate substantially around the fitted curve in Fig. 4 . This is due to the smallscale fading experienced by the received signal at wavelength scales.
B. RAYLEIGH FADING STATISTICS
Small-scale fading is a characteristic of the rapid fluctuations of the amplitude signal over small length scales relative to the wavelength λ. Our measurement room, like many indoor environments has various scattering objects which can reflect, refract, diffract and attenuate RF signals. These multipath waves combine at different points in space constructively or destructively resulting in a very rough and unpredictable RF landscape. Hence, in this rich scattering environment it is reasonable to assume that specular and non-specular multipath components of the signal are all of similar powers. Rayleigh fading is a fairly simple model favorably adopted by a large proportion of the scientific community due to its simple probability density function, a standard exponential distribution. To test the fading model best suited to our indoor measurements, we rescale the power density measurements by the fitted g(x) and look at the fading distribution, i.e. the distribution of fluctuations in Fig. 4 about the best fit. This is shown in Fig. 5 which essentially corresponds to the channel gain |h| 2 between a transmitter and receiver. A very good fit is observed to an exponential distribution with mean 1.1. We therefore conclude that indeed our indoor measurements resemble a Rayleigh fading propagation environment with a near free-space path loss exponent of α = 2.04. 
C. FINE-RESOLUTION RADIO-MAP
In order to further investigate the small scale fading effects, USRPs 6, 10, 15, and 21 were physically removed from the room to create enough space for the positioner (see Sec. IV-E). A total of 49 measurement points were recorded on a 6 × 6 cm area centered at the central measurement point 7 (see Fig. 1 ) in order to create fine-resolution radio-maps. Measurement points were spaced by just 1cm providing a nice smooth variation in signal strength due to small scale fading effects as shown in Fig. 6 .
Whilst we have recorded a radio-map for the signal from each USRP, in Fig. 6 we only plot a representative sample FIGURE 6. Power densities in µW/cm 2 over a 6 × 6 cm area centered at the central measurement point 7 (see Fig. 1 ) of the room. The first five radio-maps represent the signals from USRPs in the top left sector of the room: 1, 19, 20, 5, and 8, while the last radio-map represents the aggregate power density from all 19 active USRPs.
of USRPs for the sake of brevity. Namely, we plot those from the top left sector of the room: 1, 19, 20, 5, and 8, being representative of all 19 active USRPs. We also plot the aggregate power density from all USRPs in the bottom right panel of Fig. 6 .
The color function is not consistent across the sub-figures. In fact, whilst the radio-maps inherently incorporate path loss attenuation of the received signal, it appears that the plotted surfaces resemble saddles (e.g. hyperbolic paraboloids or the Pringles potato crisp), which are characteristic of the fading effects caused by the constructive and destructive superposition of standing waves. Further, we observe that whilst the radio-maps from individual USRP signals exhibit noticeable variations across the 6 × 6 cm measurement area, the aggregate power density in the last panel of Fig. 6 is much flatter with a mean of 16.26 µW/cm 2 , a variance of 2.95, and minimum and maximum values of 12.78 and 19.69 µW/cm 2 , respectively. This finding suggests that the spatial diversity exhibited by the uniform distribution of AP signals smooths out small-scale fading effects. The resulting nearly uniform power density spatial distribution therefore presents an advantage towards EH devices which can now achieve continuous EH, rather than intermittent charging.
D. ULTRA-DENSE MEASUREMENTS
We now turn to report on the power densities recorded at the 11 measurement locations. As outlined above, 5 measurements were taken at each of the 11 locations, each spaced by about a quarter wavelength, thus exhibiting large fluctuations due to small-scale fading effects. In this subsection, unlike prior publications which have reported on the maximum recorded power density, we will use the average of these 5 measurements.
The complete dataset is presented in Tab. 6. Each column gives the power density recorded at the corresponding measurement location (1-11) from each USRP transmitter (1-23). The last three rows of Tab. 6 give the total power density, the mean, and variance, respectively. We briefly summarize the key observations to be made from Tab.6:
• Measurement points near the corners of the room (e.g. 1, 3, 11) tend to exhibit the highest variation in measured power densities.
• Central measurement points (e.g. 7) tend to achieve a higher total power density.
• The highest power density was recorded at location 7, at 13.36µW/cm 2 , and the lowest at location 8, at 7.15µW/cm 2 , with an overall average of 10.07µW/cm 2 . A closer inspection of the entries of the Tab. 6 with reference to Fig. 1 reveals that the power densities are not monotonic with distance. That is, the strongest signal recorded at each location point is not necessarily from the nearest USRP; an interesting observation regarding the association of user equipment (UE) to the nearest femto base station or BAN AP in ultra dense settings. In fact this is only the case for 7 out of the 11 measurement points. Fig. 7 further accentuates this non-monotonicity observation by plotting the power density at each measurement location as a function of the distance x to the transmitting USRPs. Note that the support of these curves varies as measurements near the corners of the room receive signals from USRPs which are up to 6.01m away, whilst, for example the central measurement at location 7 has FIGURE 7. Power densities in µW/cm 2 as recorded at the 11 measurement locations as a function of the distance x in meters to the transmitting USRPs. VOLUME 4, 2016 a maximum distance to transmitting USRPs (1, 2, and 4) of just 2.81m. The numbering of USRPs in Fig. 1 was intentionally chosen as to achieve a uniform distribution of transmitting sources with increasing USRPs. Hence, in Fig. 8 we plot the cumulative power density in µW/cm 2 over an increasing number of USRP signals, in ascending labeling order as defined in Fig. 1 . Hence, the top right point of every curve in Fig. 8 is the total power density due to all 23 USRPs at the relevant measurement location (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , whilst the bottom left point is due to USRP 1 situated at the top left of the room (see Fig. 1 ). All intermediate points are the cumulative power densities due the sum of USRP from 1 to n ≤ 23. Note that from the 11 curves shown, the one corresponding to measurement location 7 (highlighted in bold in the figure) appears to be the smoothest, with a linear gradient of approximately 13.36/23 = 0.58µW/cm 2 per USRP (see dashed line in the bottom left panel of Fig. 8 ), whilst all other curves are quite jagged and indeed have a smaller gradient. One reason for this is that location 7, also being the most central one, has the largest minimum distance to a transmitting USRP. Other reasons may include reduced fading and shadowing effects, smaller USRP distances (with a maximal distance of 2.81m), and uniform reflection effects from surrounding walls. Similarly, these may be the reasons why all other curves in Fig. 8 are jagged, but not overly so. The main reason why location 7 has the biggest gradient however is purely geometrical. To demonstrate this, we briefly turn to analysis using tools from stochastic geometry.
E. GEOMETRICAL ANALYSIS OF POWER DENSITY
Over the past 5 years, stochastic geometry has enabled researchers to model and analyze the performance of large wireless ad hoc and cellular networks in a mathematically tractable way, thus offering engineering insights towards network design and optimization. A major achievement of stochastic geometry is the replacement of hexagonal grid BS deployment models with that of stochastic point process, typically Poisson or Binomial if the number of BSs are known and the deployment region finite [46] . Hence, in this subsection, we will apply stochastic geometry tools [47] to the present power density paradigm, in a dense, uniform deployment of USRP transmitters in the room shown in Fig. 1 which we approximate by a rectangle V of dimensions 4 × 6 meters for the sake of simplicity.
Using equations (3) and (4), and the fact that small-scale fading is approximately Rayleigh with mean E[|h| 2 ] = 1.1, we expect that the power density S(x, y) at coordinates r = (x, y) ∈ V due to n randomly and uniformly distributed USRPs to be given by
Substituting the fitted values for {a, b, α} = {1.505 × 10 −5 , 2.385, 2.04}, and the given transmit power and antenna gain {P T , G T } = {10 5 µW, 2}, we numerically evaluate the above integral and plot in Fig. 9 the predicted gradient S(x,y) n at different locations (x, y) ∈ V. It therefore becomes clear that the center of the room is where power density is expected to be the highest, and the corners the lowest. Remarkably, we obtain power density gradients of about: 0.3, 0.45, and 0.6 µW/cm 2 per USRP for the corners, the edges, and at the center of the domain V respectively, the latter being extremely close to the measured value of 0.58. 
F. ANTENNA ORIENTATION AND POLARIZATION EFFECTS
Throughout the reported measurement, the USRPs were operated with the Ettus VERT2450 3dBi dipole antennas vertically oriented thus theoretically ensuring uniform omnidirectional radiation gains in the horizontal plane, and perfect polarization alignment with the discone receiving antenna. In this subsection, we report on the effects of different USRP antenna orientations. Left: The blue curve shows the original perfectly aligned antenna orientations. The purple curve shows the power densities when antennas are at a 45 degree tilt and random orientation as specified in Fig. 1 . The yellow curve shows the power densities when all antennas are at a 90 degree tilt and pointing south. Right: The blue curve shows the original perfectly aligned antenna orientations with no furniture in the room. The purple curve shows the power densities when furniture is added to the room as shown in Fig. 12 .
To this end, each USRP dipole antenna was first tilted by 45 degrees and pointed north (N), south (S), east (E) and west (W), at random, as specified in Fig. 1 . In a second instance, all USRP antennas were tilted by 90 degrees, and pointed south. The results are depicted in the left panel of Fig. 10 only for the central measurement location 7 (this being representative of the rest) and are also included in Tab. 6 under columns 7 45 • and 7 90 • respectively. Each of the three curves shown consists of 23 points, the mean USRP power density per tone assuming a transmit power of 100mW. We observe that with the exception of USRP 15 and 21, which are also immediate neighbors of measurement location 7, all other power densities are severely degraded. Namely, the 45 degree random antenna orientation results in drops by about 65% (−4.7dB) and 75% (−5.9dB) on average, respectively. Some individual signals like that of USRP 10 suffers drops by about 90% (−10dB) for the 45 degree random tilt, and a startling 98.5% (−18.2dB) for the 90 degree southpointing tilt compared to the original power density recorded with vertically aligned antennas. These are comparable to the coo/cross polarization pattern ratio of the discone receiver which is about 15dB (see Fig. 3(b) ).
G. OFFICE LAYOUT
In this subsection we introduce furniture into the room and report on their effect on power densities. More precisely, we placed 3 desks, 3 chairs, and 3 monitors facing the north, east and west walls of the room as shown in Fig. 12 . The results are depicted in the right panel of Fig. 10 only for the central measurement location 7 and are also included in Tab. 6 under column 7-Furn. We observe that the power densities are not degraded by much (−0.5dB). This is probably due to the furniture not significantly blocking any line of sight signals between the USRPs and the discone which are all situated at about 30-40cm from the ground.
VI. POWERING LOW ENERGY DEVICES
With a clear image of the power density as a function of the number of APs in a typical indoor environment, we can hypothesize on the practicality of EH from ambient RF sources for the powering of the LE-IoT. First, we look into how much DC power we can actually use for a given power density and rectenna effective area A eff .
Transposing RF energy to DC via frequency conversion is the basic principle behind EH rectification. As described in [20] , this process experiences at least four loss inflicting stages each with different efficiency performance; the impedance matching efficiency η M , parasitic losses η p , the RF to DC conversion efficiency η 0 , and finally the transfer efficiency η T . Together, the effective efficiency η eff can be calculated which depends sensitively on the RF power input P R of the rectifier circuit. Significantly, at very low input powers efficiencies may drop to as low as η eff = 1%. Moreover, no one rectifier system can efficiently cover all input powers as described in Sec. II. For simplicity, we define the rectified DC power as the product between the effective rectification efficiency and the power input from the rectenna
where A eff is the effective area of the rectenna defined by
with η A the antenna efficiency, and D its directivity [48] . We also fit η eff (P R ) to the data given in [20, Fig. 2 ] to produce a log-sigmoidal function of the form
with {a 1 , a 2 , a 3 } = {42, 41, 7 × 10 −3 } as plotted in the top panel of Fig. 11 for P R measured in µW. Note that (8) is meant to reflect the best efficiency η eff possible at a given input power P R using the available state-of-the-art rectifiers reported in [20] .
Substituting (8) into (6) and assuming that S(x, y) ≈ 0.58n (9) where n is the number of 100mW APs, and 0.58 is the gradient fit obtained from the measurements in Sec. V-D, we obtain a back-of-the-envelope formula which can be solved numerically to calculate the number of APs n needed in a 24.5m 2 room to rectify a given power P DC in µW and a given effective area A eff of the rectenna P DC = 0.58nA eff 100 a 1 + a 2 (log 10 0.58na 3 A eff )
1 + (log 10 a 3 0.58na 3 A eff ) 2 .
We therefore plot P DC as a function of n for different values of A eff = 1, 5, 10, 50, 100cm 2 in the bottom panel of Fig. 11 . Note that equation (10) assumes that the device to be charged is at the center of the room and is surrounded by n RF sources which are uniformly distributed in the room. Moreover, for any n > 23, equation (10) is an extrapolation of the results presented in Sec. V-D. It follows that for larger values of n other effects may come into play such as near-field effects and additional shadowing which most likely will reduce our optimistic gradient of 0.58. Nevertheless, one can use (10) to provide rough estimates of how AP densification can be used to power the LE-IoT. To this end, we present in Tab. 2 and 3 a list of some low power household and personal devices. In the tables we have included the device power requirements P DC , their typical form factor size, and very generously use that as an approximate effective rectenna area A eff in cm 2 , also referred to as the rectenna aperture, 2 the corresponding conversion efficiency η eff , and assume that that the RF sources are uniformly scattered in a room similar to the one used for our experimental set-up, i.e. of area 24.5m 2 . With this information at hand, we have then calculated via equation (10) an estimate of the number of 100mW power APs n needed in a room of area 24.5m 2 to continuously power such a device. Of course, some devices have intelligent power management systems which support duty cycling or other power saving operations. To account for this, we have calculated an average P DC based on battery capacity and the stated single-charge lifetime of the device. In some instances we also include the standby power consumption of the device in brackets.
VII. DISCUSSION
One might say that the short answer to the question posed in the title of this paper was already known to the majority of wireless engineers prior to this study, the answer being: a lot! For the sake of science however we are now able to extrapolate our results and give a quantitative answer to the number of Wi-Fi APs required to light a 1 Watt light bulb using ambient RF energy harvesting, that being an unrealistically high 8.4 × 10 4 units. Indeed from the results presented in Tab. 2 and 3, it is clear that densification of wireless APs will not be able to power such energy hungry devices through the energy harvesting of ambient RF energy. This point is reinforced on examination of other electrical devices; at the lower end of the scale, a wireless mouse would require about 630 APs in a normal sized room, while a smart phone sends this already 2 We assume that the rectenna is composed by an array of perfectly lossless isotropic antenna elements filling in all available device space, with the exception of the wearable device in Tab. 3 where we use the dimensions of the rectenna given in [49] . unrealistic number, into the tens of thousands. Interestingly, the rectification efficiency is of little importance at Watt-scale power requirements. For example a 100% efficient rectifier can only bring this number down from 8.4 × 10 4 to about 7 × 10 4 APs; a significant yet futile reduction. Another reason for such absurd densification requirements is that the rectified power P DC scales linearly with n (see (10) ), which is significantly less than the quadratic scaling of the effective area of the rectenna and which incidentally is the only method of combating the inverse square law of path loss attenuation. Therefore, as discussed in [9] , devices employing array architectures of multiple rectennas can perhaps cross over into the realm of ambient RF powered operation. Unfortunately however, many LE-IoT devices such as wearables, hearing aids and other ''smart'' personal sensors with milliwatt-scale power requirement typically have such small form factors that the P DC requirements simply will not be matched by the RF power densities available, even in the most dense AP deployment scenarios. Hence, we agree with [6] and [15] and many others in that other ambient energy sources such as thermal and vibrational may indeed be better EH candidates for such personal smart devices and use-cases.
In contrast, smart-house and smart-building devices such as temperature sensors, smoke detectors, wall clocks, and some other WSN apparatus can significantly benefit from AP densification, both in terms of an increased peak power density, but also due to the implicit spatial diversity of the RF signals. The latter can for example be utilized as to continuously charge LE-IoT devices. Even for most power hungry devices such as wearables and smartphones, batteries can be trickle charged, thereby extending their battery life. Hence, this possibility opens up a brand new market for ambient RF energy harvesting devices and services which is coherent with much of the recent scientific literature on, for example, simultaneous wireless information and power transfer (SWIPT) specifically in large scale distributed antenna systems (L-DAS) [50] - [53] . Notably, SWIPT technology seems promising since it accommodates for both energy and information packets to be carried along the same wireless link, thus providing a feedback mechanism for multiple smart antennas to efficiently beam-form and manage their energy packet transmissions onto target devices [34] . Such dedicated EH methods however are faced with tons of regulatory hurdles from the FCC (Part 15 & Part 18) due to potential interference with other devices as well as possible health issues. It is worth noting that FCC maximum transmission limitations differ at higher frequency bands. For example, indoor channels 36-64 of the 5GHz Wi-Fi standard currently allows for transmit EIRPs of up to 200mW (double that of the 2.4GHz band). Significantly, outdoor links operating in the 57-64 GHz band on an unlicensed basis have a maximum EIRP of 82dBm (i.e. 158,489 watts) [54] and in theory seem to suggest that mmWave energy harvesting can provide substantial performance gains [55] , [56] . In any case, the placement optimization of such dedicated SWIPT sources and their operation remains an interesting open problem [57] .
On the other hand, in the past few years there has been an increasing shift towards green radio technologies [58] . These include, inter alia, renewable power sources, efficient power amplifiers, directional antennas, interference mitigation strategies, trading-off power for bandwidth by using different modulation schemes, and finally reducing channel occupancy [59] . The latter is however opposite to the proposed PoWi-Fi strategy which operates at permanent channel occupancy [31] .
VIII. CONCLUSION
Ambient energy harvesting (EH) of man-made RF waves has been the topic of many scientific investigations in recent years and has also attracted significant marketing and media coverage due to its ''free'' energy perspectives. Of particular interest is the possibility of powering the low energy internet of things (LE-IoT). A key issue with these perspectives however is the a priori availability of ambient RF energy, which in most instances is at a very low level with reported power densities in the nanowatt per square centimeter range. The difficulty of achieving ambient RF EH is further accentuated by the small form factor of many of the LE-IoT devices. Can the densification of Wi-Fi access points (APs) and 5G Femto/Pico cellular stations cater for these shortcomings?
In this paper we have addressed this question head on by deploying and running 23 Universal Software Radio Peripherals (USRPs) at the 2.4GHz band inside a 24.5m 2 room. With almost one AP per square meter we have measured power densities in the range of 7.15 -13.36 µW/cm 2 , the highest ever reported in a WLAN setting. A variety of different features are also investigated including small-scale fading effects, antenna orientation and polarization, as well as room layout effects. For the sake of completeness and clarity we have presented our methodology and results in full detail, and also release all our data measurements as supplementary material.
By considering state-of-the-art rectifier efficiencies, device power requirements and form factors, and by extrapolating the measured linear growth in power densities due to USRP densification, we have produced representative tables for estimating the number of APs needed to power such devices (see Tab. 2 and 3). To this end, we have concluded that Wi-Fi AP densification cannot power through ambient RF EH most LE-IoT devices as often popularized in the media, the limiting factor typically being their large power-requirementto-physical-size-ratio. AP densification could however power some useful household/industrial devices such as thermometers and smoke detectors, and could also aid in trickle charging mobile and wearable devices. 
